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Abstract This study attempts to understand how
invasive legumes such as Acacia salignamay compete
with indigenous legumes such as Virgilia divaricata.
The two species are trees with similar growth forms.
We studied the competitive ability of invasive and
indigenous seedlings under variations in soil phos-
phorus availability. South African fynbos vegetation is
threatened by invasive Acacia. The indigenous tree
legume, Virgilia, grows in similar phosphorus soil
conditions as Acacia although there is a gap in the
knowledge of their physiology. We investigated the
utilization of different inorganic P sources by the
invasive A. saligna and the native V. divaricata in the
presence and absence of root nodules in each species.
Plant performance in terms of photosynthesis and
biomass production was also analysed. Plants were
cultivated in silica sand supplied with Long Ashton
nutrient solution, modified to contain either 50 lM P
or 500 lM P applied as NaH2PO42H2O. Rate of
growth was estimated as the increase in mass in plants
harvested after 4 and 8 weeks of growth. After 4 weeks
of growth, the seedlings of Virgilia grew quicker and
produced more biomass than Acacia, under both
phosphorus conditions. However, this was reversed
after 8 weeks of growth, with Acacia out-competing
Virgilia. Increased growth of the invasive legumes
was achieved by relying on soil nitrogen under high
phosphorus conditions and shifting to atmospheric
sources under lower phosphorus levels. The strategies
of altering photosynthetic carbon balance and nitrogen
acquisition under varying soil phosphorus conditions
potentially underpin the invasive potential of Acacia
in fynbos soils.
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Introduction
The fynbos biome is a Mediterranean ecogeographic
region located within the Cape Floristic Region (CFR)
of South Africa. This biome is well known for its high
richness in plant species of which over 70% are
endemic to the CFR (Holmes and Cowling 1997;
Myers et al. 2000; Goldblatt and Manning 2002;
Rebelo et al. 2006). Fynbos vegetation comprises
mainly of slow-growing, fine-leaved, sclerophyllous
shrubs, which have adapted to survive in the highly
weathered, nutrient-impoverished soils that character-
ize the region (Read and Mitchell 1983; Goldblatt
1997). The unique biodiversity of the fynbos biome,
however, is under great threat from invasion by trees
and shrubs of the genera Acacia, Hakea and Pinus
(Richardson and Van Wilgen 2004; Lowe et al. 2008;
Wilson et al. 2014). These invasive plants have
become locally dominant and in some areas have
completely replaced the once diverse and indigenous
plant communities (Levine et al. 2003). The conse-
quence of this is that stands of invasive alien trees take
up 1.6% of the total vegetation area when condensed
(Cowling et al. 2003) and at least 54% of riparian
fynbos has an invasion density of 25% or more
(Thuiller et al. 2005).
Alien Acacia (including A. cyclops, A. saligna, A.
longifolia, A. mearnsii and A. melanoxylon) in South
Africa have currently replaced much of the critically
endangered lowland coastal fynbos due to their
invasive capabilities coupled with a lack of capacity
to prevent their spread (Richardson 2001; Le Roux
et al. 2016). Such invasive species have detrimental
effects on indigenous species, community dynamics
and the overall function and structure of native
ecosystems (Richardson and Van Wilgen 2004;
Blackburn et al. 2011; Ndzwanana et al. 2019).
Invasive alien plants also reduce the water delivery
from catchment areas, with woody species reducing
river runoff from 30% to more than 50% (Kirkwood
et al. 2014).
Although invasive Acacia have increased compet-
itive ability compared to indigenous fynbos vegeta-
tion, the exact mechanisms that confer a competitive
edge are still unclear. In general, exotic plants may
have multitude ways to become successful in their new
habitat (Witkowski 1991). Several hypotheses have
been proposed to explain the increasing success of
invasive species; these include the ‘‘enemy release
hypothesis’’ (ERH) which attributes success to the fact
that exotics are liberated from natural pathogens and
specialist herbivores when introduced into a new
habitat (Wolfe 2002; Mitchell and Power 2003;
Reinhardt and Callaway 2003; Callaway and Walker
1997; Jacobs et al. 2014). Alien plants can also use
‘novel weapons’ to decrease growth of other plants.
These may include altering the way that nutrients are
cycled (Vitousek 1990; Yelenik et al. 2004) or using
allelopathic or antimicrobial root exudates (‘‘allelo-
pathic advantage against resident species’’ or AARS,
Callaway and Ridenour 2004). Aliens may also grow
better by increasing nutrient acquisition. Compared
with the native species they share their environment
with, invasive Acacia have been found to (1) adapt
root structure (e.g. increase biomass belowground),
(2) increase nutrient availability by using root exu-
dates, cluster roots and increasing transpirational
water use, and (3) form specialized associations that
will increase nutrient uptake e.g. associations with
mycorrhizas and N-fixing bacteria (see review by
Morris et al. 2011). The latter mechanism is charac-
teristic of leguminous species as they establish sym-
biotic interactions with rhizobia in the soil. The
positive tripartite mycorrhiza–legume–rhizobia rela-
tionship is known to confer advantages to the infected
plant that can fix atmospheric nitrogen and also can
better cope with phosphorus (P) deficiencies in the soil
(Richardson et al. 2000; Mortimer et al. 2008; Pérez-
Fernández and Lamont 2016). This is particularly true
for invasive Acacia, as shown in several studies, where
the infection of A. sophorae (Costelo 2000), A. saligna
and A. stenophylla (Hoque et al. 2010) or A. dealbata
(Lorenzo et al. 2010) by rhizobial partners confer
advantages to the plant when using the same resources.
Of all physiological and morphological plant
adaptations, the rapid and substantial allocation to
root mass and above all the strong biological nitrogen
fixation (BNF) abilities of Acacia have been reported
to be responsible for their successful invasion (Costelo
2000; Hoque et al. 2010; Morris et al. 2011). Nitrogen
(N) is a crucial nutrient for all green plants, but has to
be reduced to NH4
? to build the chemicals required for
growth and reproduction before it can be readily
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utilized by plants (Davidson and Davidson 1993). This
process of BNF can only be accomplished through a
symbiotic relationship between the plant and special-
ized bacteria that lives in nodules on the roots of the
plant. The extra N added to the fynbos soils from BNF
by invasive alien legumes is problematic for indige-
nous fynbos plants that are adapted to low-nutrient
conditions and now have to face increased concentra-
tions of N in the soils they share with invasive N fixers.
The contribution of BNF from invasive species is
usually much higher than the expected BNF from
indigenous nitrogen fixers of a specific region, due to
overall faster growth rates resulting from less compe-
tition and the lack of natural enemies (Blackburn et al.
2011). Acacia species, in particular, are known to
significantly raise levels of soil N (Yelenik et al.
2004). This reduces the competitiveness of low-
nutrient adapted fynbos species and furthermore opens
the door for further invasion by weedy grass species
(Witkowski 1991; Kirkwood et al. 2014).
The restoration of areas previously invaded by
Acacia species is problematic because indigenous
fynbos vegetation struggle to recolonize under ele-
vated N conditions (Witkowski 1991). It has been
suggested before that these areas may be more
successfully restored with a native species that can
potentially compete with Acacia and have the same
functional role with regards to being a pioneer trees
species with similar BNF abilities that will not be
disadvantaged by the higher nutrient legacy left by
Acacia (Coetsee and Wigley 2013). Native woody
legumes have been used successfully elsewhere in
Mediterranean systems to restore water-deficient, low-
nutrient environments (Aronson et al. 1993; Herrera
et al. 2011; Pérez-Fernández et al. 2016). The legume
family, Fabaceae, is the fourth largest plant family in
the CFR with 38 genera of which eight are endemic to
the region (Goldblatt 1997). This BNF by indigenous
Fabaceae is an essential component in natural and in
managed ecosystems (Pereira and Bliss 1987; Corbin
and D’Antonio 2004) as it maintains a balanced
amount of N in the fynbos soils that is the right for
plant growth and maintenance. An example of a
woody indigenous legume species that occurs in the
CFR and fynbos biome is Virgilia divaricata, the
Keurboom. Virgilia species are light-demanding,
ecologically important pioneer species that grow
abundantly on heavily disturbed forest sites and along
riparian zones (Campbell and Moll 1977; Vosse
2007).
After N, P is the second most limiting plant nutrient
(Vance et al. 2000). Even though P occurs copiously in
several soils, it is not readily available for plant uptake
due to the formation of undissolvable compounds with
cations (Blackburn et al. 2011; Ragothama 1999;
Vance 2001). Moreover, it has widely been found that
such P deficiencies noticeably hamper plant growth as
well as BNF in various legume plants (Bethlenfalvay
and Philip 1977; Israel 1987; Witkowski 1991;
Oliviera et al. 2004; Le Roux et al. 2008; Power
et al. 2010). With P being an essential element for
BNF, affecting this process of legumes as well as
cellular bioenergetics at various levels (Bucher 2006;
Maistry et al. 2013), a P deficiency as found in many
fynbos soils may regulate the BNF ability of both
invasive Acacia as well as indigenous Virgilia species.
Various fynbos plant species have been outcom-
peted by exotic Acacia because of their inability to fix
N and their lower growth rates under high N condi-
tions (Witkowski 1991). The study at hand attempts to
understand how invasive legumes such as A. saligna
may compete with indigenous legumes such as V.
divaricata, in adapting to P deficient soils of the
fynbos biome. This research defines the physiological
mechanisms used by invasive and indigenous legumes
to potentially compete in the P-poor soils of the fynbos
in their seedling phases.
Methods and materials
Plant growth conditions
All plants used in this study were grown from
February to June in a north-facing glasshouse at
Stellenbosch University in the Western Cape, South
Africa. Virgilia divaricata seeds were obtained from
Kirstenbosch National Botanical Garden in Cape
Town, Western Cape, South Africa, and A. saligna
seeds were collected from a population near Malmes-
bury in the Western Cape, South Africa (-
33.464313, 18.739371). To stimulate germination,
seeds from both species were separately treated with
Kirstenbosch Instant Smoke Plus Seed Primer
(Kirstenbosch National Botanical Garden in Cape
Town, Western Cape, South Africa) following the
manufacturer instructions. One primer paper disc was
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added to 50 ml of water per container, in which 100 of
each species’ seeds were soaked for 24 h in separate
containers before sowing. Acacia and Virgilia seeds
were separately sown in lowland fynbos soil, collected
from the Jan Marais Nature Reserve in Stellenbosch,
Western Cape, South Africa (- 33.932429,
18.876057) and allowed to nodulate for 4 weeks, in
the indigenous soil. During this period, plants were
watered with 100 ml of distilled H2O every 3 days.
The daily temperatures in the glasshouse for the
duration of the experiments were as follows: an
average maximum of 26.8 C, an average minimum of
14.4 C and an overall average of 19.8 C. After
4 weeks of inoculation and subsequent nodule forma-
tion, 30 seedlings per treatment were transferred from
fynbos soil to pots of 7.5 9 7.5 9 35 cm filled with
silica sand, and grown for a further 8 weeks in a
random block design. One single plant was grown per
pot. The seedlings were watered every 3 days with
100 ml of 25% standard Long Ashton Solution,
modified to contain either 50 lM P or 500 lM P
applied as NaH2PO42H2O. Plants were randomly
selected to be harvested after 4 weeks (28 days) and at
the end of the 8 weeks (56 days). The plant material
from both harvests was dried in an oven at 50 C and
analysed. Similarly, a bulk sample of seed per species
was also analysed for macronutrients content and the
ratio of d15N/14N.
Photosynthetic gas exchange
Before harvesting, a young and fully expanded leaf of
each plant was used for the photosynthetic determi-
nations. Light-response curves were used to determine
the irradiance (1300 lmol m-2 s-1) at which to
conduct the photosynthetic readings at 400 ppm
CO2. Readings were taken using a portable infrared
gas analyser (Li-Cor, Lincoln, Nebraska, USA).
Maximum photosynthesis was recorded at
1300 lmol m-2 s-1 and leaf dark respiration at
0 lmol m-2 s-1.
Calculations of percentage N derived
from the atmosphere (%NDFA)
The d15N analyses were carried out at the Archeom-
etry Department, University of Cape Town, South
Africa. The isotopic ratio of d15N was calculated as
d = 1000% (Rsample/Rstandard), where R is the molar
ratio of the heavier to the lighter isotope of the samples
and standards is as defined by Farquhar et al. (1989).
Between 2.100 and 2.200 mg of each milled sample
were weighed into 8 mm 9 5 mm tin capsules
(Elemental Micro-analysis Ltd., Devon, UK) on a
Sartorius microbalance (Goettingen, Germany). The
samples were then combusted in a Fisons NA 1500
(Series 2) CHN analyser (Fisons instruments SpA,
Milan, Italy). The d15N values for the nitrogen gas
released were determined on a Finnigan Matt 252
mass spectrometer (Finnigan MAT GmbH, Bremen,
Germany), which was connected to a CHN analyser by
a Finnigan MAT Conflo control unit. Three standards
were used to correct the samples for machine drift: two
in-house standards (Merck Gel and Nasturtium) and
the IAEA (International Atomic Energy Agency)
standard (NH4)2SO4.
%NDFA was calculated according to Shearer and
Kohl (1986):
%NDFA = 100((d15Nreference plant–d15Nlegume)/
(d15Nreference plant–B)) where the reference plant was
wheat (Triticum aestivum) grown under the same
glasshouse conditions. The B-value calculated for this
experiment is the d15N natural abundance of the N
derived from biological N fixation of the above-
ground tissue of Virgilia divaricata, grown in a N-free
solution.
Nutrient and biomass calculations
(1) Specific N absorption rate (SNAR) (mg N g-1 root
DW d-1) is the calculation of the net N absorption rate
per unit root DW (Nielson et al. 2001):
SNAR ¼ M2 M1=t2  t1ð Þ½ 
 loge R2  loge R1ð Þ= R2  R1ð Þ½ 
where M is the N content per plant, t is the time and
R is the root DW.
(2) Specific Nitrogen utilization rate (SNUR) (g
DW mg-1 N d-1) is a measure of the DW gained for
the N taken up by the plant (Nielson et al. 2001):
SNUR ¼ W2 W1=t2  t1ð Þ½ 
 loge M2  loge M1ð Þ= M2 M1ð Þ½ 




The effects of the factors and the interactions were
tested with a two-way analysis of variance (ANOVA)
(SuperAnova, for Macintosh). The means (n = 6)
were separated using a post hoc Fisher’s LSD,
multiple range test (p B 0.05).
Results
Biomass accumulation
At the first harvest the Virgilia generally accumulated
more biomass in root, shoot and plant components,
compared to Acacia at both P supply levels (Table 1;
Fig. 1a) and as demonstrated by the greatest root to
shoot ratios (Table 1). During this stage, Virgilia also
developed more nodules biomass than Acacia in both
low P and high P soils (Fig. 1c). During the second
harvest, Acacia had increased its plant biomass
accumulation since the first harvest by 79%, compared
to 53% of Virgilia at high P (Table 2; Fig. 1a,b).
During low P stress, the increase in Acacia biomass
accumulation since the first harvest was 69%, whilst
Virgilia’s biomass accumulation at low P was 23%
(Fig. 1a, b). Virgilia developed larger nodules than
Acacia at low P levels (Fig. 1d), but the percentage
increase from harvest 1 to harvest 2 for Acacia during
P deficiency was 82% compared to the 50% increase
of Virgilia. Both species under P stress devoted more
biomass to root that to shoots (Table 2).
Plant and seed nutrition
During the first harvest, Virgilia had a higher
percentage nitrogen derived from atmosphere
(%NDFA) through BNF than Acacia (Fig. 2a), whilst
Acacia acquired more (approximately 79%) N from
soil (Fig. 2a). Although the BNF efficiency was higher
in Acacia compared with Virgilia, no statistical
differences were detected between these species
(Fig. 2c). Compared to Acacia, the seedlings of
Virgilia had a lower SNAR at high P (Fig. 3a), but
the SNUR of Virgilia at this P level did not differ from
Acacia (Fig. 3c). At low P, there was no difference in
the SNAR between these species (Fig. 3a), but
Virgilia had a higher SNUR (Fig. 3c).
At the second harvest, Acacia relied less on BNF
for N acquisition (Fig. 2b) and also had a lower
efficiency for BNF compared to Virgilia (Fig. 2d) at
high P. This concurred with an increase in Acacia
SNAR compared to Virgilia (Fig. 3b), but was not
translated into greater utilization for growth as
evidenced by the SNUR (Fig. 3d). In contrast to high
P, Acacia had more reliance on BNF under low P
conditions, whilst Virgilia showed no change in its
BNF dependence with P variation (Fig. 2b). The BNF
efficiency of Acacia was unaffected by P levels, but
the Virgilia had a decrease in efficiency under P stress
(Fig. 2d). The SNAR did not differ between Virgilia
and Acacia under P stress, and this concurred with the
unchanged SNUR for the species (Fig. 3b; d).
Seed nutritional status was significantly different
between species. Seed from Virgilia had significantly
Table 1 Biomass and nitrogen concentrations of Acacia saligna and Virgilia divaricata at harvest 1 after 28 days of receiving either

























Acacia 22a 0.022a 0.050a 0.007a 0.135a 107a 55b 66a 16b
Virgilia 30b 0.118b 0.143b 0.022b 0.179b 212ab 95c 135b 12a
50 lM P
Acacia 23a 0.014a 0.031A 0.004a 0.139a 54a 25a 31a 14ab
Virgilia 28b 0.178b 0.173B 0.026b 0.150b 337b 104c 169b 11a
Values are presented as means (n = 6) and letters along each data column indicate significant differences among treatments using the
post hoc Fisher’s LSD, multiple range test (p B 0.05)
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more P and N than seed of Acacia. Similarly, the C
content was greater in Virgilia seed than in Acacia,
although no significant differences were observed.
Atmospheric N was significantly higher in Virgilia
compared with Acacia (Table 3).
Leaf gas exchange
At the first harvest, there were no significant differ-
ences in the photosynthetic (pm) rates (Fig. 4a) and
leaf dark respiration rates (dr) (Fig. 4c) between
Virgilia and Acacia at either high or low P supply
levels. However, the comparison of the proportion of



































































































Fig. 1 Plant and nodule dry weights of Acacia saligna (a) and
Virgilia divaricata (V) after receiving either 500 lMP (? P) or
50 lMP (- P) nutrient solutions for a period of 28 days (a, c) or
56 days (b, d) before each respective harvest. Values are
presented as means (n = 4) with standard error bars and letters
indicate significant differences among treatments using the post
hoc Fisher’s LSD, multiple range test (p B 0.05)
Table 2 Biomass and nitrogen concentrations of Acacia saligna and Virgilia divaricata at harvest 2 after 56 days of receiving either




























Acacia 40 b 0.091 a 0.218 ab 0.005 a 0.034 a 625 b 415 b 461 b 21 c
Virgilia 26 a 0.181 b 0.384 c 0.023 a 0.058 a 265 a 226 a 237 a 19 bc
50 lM P
Acacia 38 b 0.077 a 0.096 a 0.023 a 0.266 b 402 a 104 a 169 a 17 b
Virgilia 35 ab 0.207 b 0.258 bc 0.052 b 0.208 b 354 a 172 a 235 a 10 a
Values are presented as means (n = 6) and letters along each data column indicate significant differences among treatments using the
post hoc Fisher’s LSD, multiple range test (P B 0.05)
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indicate that Virgilia maintained a higher ratio of
photosynthesis: respiration (pm:dr) than Acacia only
at high P levels, whilst Acacia remained as compet-
itive as Virgilia for positive leaf C gain at low P
(Fig. 5a). The second harvest revealed that, under high
P condition, Acacia had a higher pm rate compared to
Virgilia (Fig. 4b). Although the pm rates were lower
in both plants under P stress, there were no differences
between the two species (Fig. 4b). Following the trend




















































































Fig. 2 Biological nitrogen
fixation, as percentage N
derived from atmosphere (%
NDFA) and efficiency of
biological nitrogen fixation
(BNF), as delta N15 per unit
nodule of Acacia saligna
(a) and Virgilia divaricata
(V) after receiving either
500 lMP (? P) or 50 lM P
(- P) nutrient solutions for
a period of 28 days (a, c) or
56 days (b, d) before each
respective harvest. Values
are presented as means
(n = 4) with standard error
bars and letters indicate
significant differences
among treatments using the















































































































Fig. 3 Specific plant
nitrogen absorption rates
(SNAR) and specific plant
nitrogen utilization rates
(SNUR) of Acacia saligna
(a) and Virgilia divaricata
(V) after receiving either
500 lMP (? P) or 50 lM P
(- P) nutrient solutions for
a period of 28 days (a, c) or
56 days (b, d) before each
respective harvest. Values
are presented as means
(n = 4) with standard error
bars and letters indicate
significant differences
among treatments using the





deficient plants of both species (Fig. 4d). Under high
P, Virgilia had a higher dr loss than Acacia (Fig. 4d)
but this was reversed under low P. Under low P, these
leaf gas exchange alterations resulted in a lower ratio
of photosynthetic C gain relative to respiratory C loss,
in Acacia than in Virgilia (Fig. 5b). However, at high
P, Acacia leaves had a greater ratio of photosynthetic
C gain relative to respiratory C loss, compared to
Virgilia leaves (Fig. 5b).
Discussion
This work highlights the importance of using local-
scale factors such as soil quality to forecast the
invasive potential of highly invasive species. The
research has established that the success of the
invasive legume, Acacia saligna, depends on the
mechanisms and cost of mineral nutrition under
different soil P conditions.
Nutrient acquisition by plants is subject to three
main factors: structure of the roots, the soil nutrient
content and the ability of the plant to form specialized
associations for the acquisition of nutrients (Morris
et al. 2011). Legumes fulfil their N requirements by
combining two strategies of acquisition of this min-
eral: (1) the direct uptake from the soil where the
mineral is present from different sources and (2) the
fixing of atmospheric N through BNF (Vance 2001).
In terms of N nutrition, the soil N acquisition method
is energetically more cost-effective to legume than
BNF (Pate et al. 1979; Kaschuk et al. 2009; Pérez-
Fernández et al. 2016; Ndzwanana et al. 2019).
However, in N-poor soils, the more energetically
expensive BNF becomes imperative for plant survival.
With legumes only establishing their specialized
symbiotic relationships with N-fixing bacteria when
their roots have been established, seedlings rely on
seed mineral reserves for the first few weeks of growth
(Mortimer et al. 2008; Pérez-Fernández et al. 2016;
Ndzwanana et al. 2019). During the initial stages of
seedling growth, larger seeds are generally more
Table 3 Biomass and nitrogen concentrations of Acacia sal-
igna and Virgilia divaricata seeds
Seed material % P % N % C d15N/14N C:N
Acacia 0.29a 3.76a 43.32a 0.19a 11.53a
Virgilia 0.47b 5.23b 47.10a - 1.56a 9.01b
Values are presented replicate samples (n = 6) and letters
along each data column, indicate significant differences
between species using the post hoc Fisher’s LSD, multiple




























































































Fig. 4 Leaf photosynthetic
rates (pm) and leaf dark
respiration rates (dr) of
Acacia saligna (a) and
Virgilia divaricata (V) after
receiving either 500 lM P
(? P) or 50 lM P (- P)
nutrient solutions for a
period of 28 days (a, c) or
56 days (b, d) before each
respective harvest. Values
are presented as means
(n = 4) with standard error
bars and letters indicate
significant differences
among treatments using the





beneficial in nutrient-limited conditions than smaller
seeds as they accumulate more mineral reserves in
their cotyledons (Milberg et al. 1998). In a study by
Hanley et al. (2007), Australian Fabaceae showed a
significant positive relationship between seed size and
the growth rate of seedlings. Our analyses of Virgilia
and Acacia seed compositions was in accordance with
Hanley et al. (2007) where the larger Virgilia seeds
contained more macronutrients than the smaller Aca-
cia seeds. Many studies, however, have confirmed that
Acacia spp. are able to compensate for the reduced
seed nutrient accumulation by having more prolific
seed production than indigenous species (Morris et al.
2011) which leads to the rapid establishment of seed
banks and gives Acacia a competitive advantage based
on seed quantity rather than quality. The seed N
isotope values data (Table 3) indicate that Virgilia
relies more on BNF and less on soil N uptake. This
means that there is more N coming from biological
fixation available to meet the plants requirements, one
of which is to fill the seeds. N contribution-derived
BNF to seeds is energetically more costly and
instigates the trade-off between quality and quantity
of seeds, probably restricting Virgilia to producing
less, but higher quality seeds compared to the Acacia
plant.
The benefits of more nutrient-rich seeds of Virgilia
compared to invasive Acacia can be explored in terms
of the ability of the seedlings to survive in soils that are
P-sufficient and constrained by low P. Subsequently,
during the first two months after germination at the
first harvest, the larger mineral storage in Virgilia
seeds relative to Acacia benefited the initial growth of
Virgilia in low P as well as high P soils (Fig. 1;
Table 3). During this stage, the larger biomass of all
plant organs of Virgilia compared to Acacia can be
ascribed to several factors related to nutrition, photo-
synthetic and respiratory costs (Table 1). During this
period, the larger nodules of Virgilia relative to
Acacia, under both P conditions, had a major contri-
bution to the higher %NDFA in the Virgilia at both
concentrations of P. In contrast, Acacia relied less on
BNF for its N requirements, and the nodules also had
no change in their efficiency for BNF during the
variation in P supply (Fig. 2). Despite the higher
specific nitrogen acquisition rate (SNAR) of Acacia at
high P, this was not translated into a greater utilization
of N for growth, as evidenced by the specific nitrogen
utilization rate (SNUR). In contrast to the Acacia at
low P supply, the seedlings of Virgilia had a much
higher utilization of its acquired N for growth despite
the similar SNAR in both plants (Fig. 3). Since the
Virgilia seedlings acquired more N from BNF, the
increased SNUR can be attributed to the enhanced
reliance on BNF. At high P supply, the growth
advantage of Virgilia may have been underpinned by
the relative contributions of photosynthesis (pm) and
leaf dark respiration (dr) to the above-ground C
balance (Fig. 4). Compared to Acacia, Virgilia main-
tained a higher ratio of pm:dr at high P level (Fig. 5).
This ratio is important in determining the C available
for growth, since 30–70% of photosynthetically
gained C can be lost via respiration, of which
50–70% can occur in above-ground tissues (Atkin
and Macherel 2009). This initial growth advantage of







































Fig. 5 Leaf photosynthetic: dark respiration ratio (pm:dr) of
Acacia saligna (a) and Virgilia divaricata (V) after receiving
either 500 lMP (? P) or 50 lMP (- P) nutrient solutions for a
period of 28 days (a) or 56 days (b) before each respective
harvest. Values are presented as means (n = 4) with standard
error bars and letters indicate significant differences among




early developmental benefit, being strongly influenced
by the more nutrient-rich seeds of Virgilia in a
nutrient-poor soil. However, this early developmental
benefit was not sustained during later stages of growth.
During later growth stages, as evidenced by the
second harvest in the third month, the Acacia
seedlings showed an increase in biomass, which
challenged the initial biomass advantage of the
Virgilia seedlings (Table 2). In this regard, the
increase in biomass of Acacia seedlings since the first
harvest at both levels of P was underpinned by several
physiological mechanisms at low and high P levels.
The Acacia plants showed two separate strategies at
low P and high P levels to achieve the increases in
growth. In the first strategy at high P, the Acacia’s
growth spurt is based on alterations in the source of N
acquisition and C balance. Relative to Virgilia, Acacia
relied less on BNF for N uptake and therefore had a
lower BNF efficiency and less atmospheric N accu-
mulated in the seed. This relates to Acaciamaintaining
a higher SNAR than Virgilia, suggesting that Acacia
acquired more N from soil sources. Since soil N
acquisition and assimilation are usually energetically
less expensive than BNF (Pate et al. 1979; Kaschuk
et al. 2009), this reduced C cost for N nutrition
contributed to the increase in plant growth. Further-
more, the greater ratio of pm:dr in Acacia than in
Virgilia explains the greater C balance in the shoots,
since these structures can contribute up 50–70% of
plant respiratory losses (Atkin and Macherel 2009). In
the second strategy under low P conditions, the
Acacia’s growth is based on greater investment to
acquire nitrogen from the atmosphere. In this regard,
Acacia allocated more growth to roots and to nodules
(Table 2) during P stress compared to high P
conditions, which resulted in more reliance on BNF
for N nutrition. This concurs with work showing that
invasive Australian Acacia invest substantially in
belowground organs compared to indigenous species
(Morris et al. 2011). Acacia, however, was likely to
still have obtained N from both atmospheric and soil
sources, but its % NDFA was approximately 30% at
low P compared to ca. 8% at high P levels.
Our findings shed light on the reasons why Acacia,
once established, can grow faster to become taller than
indigenous species, out-competing them for light,
water and essential nutrients (Morris et al. 2011). The
positive trend of Acacia in reducing the growth
advantage of Virgilia continues with age to overtake
the initial Virgilia advantage as seen in the field
(personal observation). This concurs with studies by
Musil (1993) and Witkowski (1991) which showed
that seedling and adult Acacia leaves have a much
higher concentration of N and K levels than indige-
nous species in invaded areas of the CFR.
This study has found that Acacia, besides being
notorious for rapidly building up large seed banks, also
employs two different strategies for survival in high
and low P level soils, making them even more
successful than indigenous species in more than one
soil type. Thus it seems that Virgilia divaricatawill be
unable to compete with the presence of Acacia saligna
in the CFR and other Mediterranean climate regions
are definitely at risk when considering the possible
invasion by Acacia in their soils.
Analysing the competitive ability of exotic species
compared to native species allows us to assess the
invasive potential of an introduced species. Addition-
ally, it shows how susceptible the local species are to
displacement by the exotic species. This makes it
possible to identify and prioritize action plants against
invasive species (Pérez-Fernández and Lamont 2016).
Our findings stress the importance of both the plants’
metabolic traits and the nutritional status of the soil in
defining the competitive ability of a given species in a
particular location. Acacia is able to build a solid root
system that guarantees its permanence in the invaded
soils and this can be seen at early stages in seedling of
only 12 weeks. This suggests that changing the
nutritional status of the soils where the invaders occur,
or pulling them out to complete remove their root
systems, could be strategies to consider in the control
of Acacia in the fynbos biome. We acknowledge the
importance of considering other factors such as
climatic models or soil characteristics (Thuiller et al.
2005), although local environmental traits clearly also
modulate how invasive species behave compared to
native ones. Therefore, local environmental traits such
as nutrient availability, climatic variations or a com-
bination of both should be taken into account when
designing management plans to control invasiveness.
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